We demonstrate that the Na'-pump a-subunit polypeptide is glycosylated by using bovine milk galactosyltransferase, a specific enzyme which attaches galactose to terminal N-acetylglucosamine residues. The galactose acceptor sites are available for glycosylation only after permeabilization of right-side-out vesicles prepared from kidney outer medulla; therefore, the oligosaccharide moieties are facing the cytoplasm of the cell. We further show that the oligosaccharides are bound to asparagine residues of the a-subunit polypeptide, since the protein-carbohydrate linkage is hydrolyzed by peptide-N glycosidase F (an enzyme specific for N-linked sugars). Thus, the Na'-pump a subunit is a glycoprotein with its N-linked oligosaccharide moieties located at the cytosolic face of the cell membrane. Intrinsic membrane glycoproteins with such an oligosaccharide-protein linkage and cell membrane orientation have not been previously reported, to our knowledge.
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The sodium pump (Na+,K+-ATPase, EC 3.6.1.37) is responsible for the coupled active transport of Na+ and K+ across the plasma membrane of most eukaryotic cells (1, 2) ; it is composed of an a subunit and a heavily glycosylated p subunit (3, 4) . The glycoprotein nature of the Na+-pump p subunit has been widely recognized; however, the glycosylation status of the a subunit is controversial. There are as many papers reporting that the a subunit is glycosylated (5) (6) (7) (8) (9) as that it is not (10) (11) (12) (13) (14) (15) (16) (17) (18) . Most of the papers reporting negative results used chemical methods to detect sugars that were probably insufficiently sensitive to detect glycosylation at the level reported in the present work. The methods used by us involve the attachment of a radioactive sugar to the glycoprotein and determination of the incorporated radioactivity.
The oligosaccharide chains of membrane glycoproteins have been almost exclusively found exposed to the extracellular environment, and current models of glycoprotein biosynthesis and post-translational processing account for this topography (19) . Recently, evidence has been accumulating for the existence of membrane glycoproteins with carbohydrate moieties exposed at the cytoplasmic membrane surface (20) (21) (22) (23) . The common structural feature of these glycoproteins is a GlcNAc attached via an 0 linkage to seine or threonine residues of the peptide backbone. In contrast, many integral membrane proteins which are glycosylated have their sugar moieties N-linked to asparagine residues of the polypeptides. We now show that the a subunit of the Na+ pump is glycosylated and that the N-linked carbohydrates are exposed to the cytosol.
EXPERIMENTAL PROCEDURES
Dog kidney Na+,K+-ATPase was prepared and assayed as described previously (24) . The protein subunits were separated by polyacrylamide gel electrophoresis (PAGE) using the system described by Laemmli (25) . Dog kidney outer medulla right-side-out vesicles were prepared and treated with saponin as reported by Kyte et al. (26) . After treatment with saponin, the vesicles were separated from excess saponin by centrifugation. Permeable (27) . Both the a and /3 subunits of the Na' pump were labeled (Fig. 1) .
The 3 subunit contained 3-to 5-fold more radioactivity than the a subunit. That this is labeling of the Na' ,K+-ATPase and not a minor contaminant was shown by immunoprecipitation of the radioactivity with a monoclonal antibody against the a subunit kindly provided by D. M. Fambrough (Johns Hopkins University). Right-side-out kidney vesicles were labeled with UDP-[3Hgalactose and galactosyltransferase. The protein immunoprecipitated by the antibody against the a subunit was radioactive (120 cpm; control 30 cpm). The amount of radioactivity which immunoprecipitated was markedly increased in vesicles treated with saponin prior to transferase action (443 cpm; control 59 cpm). Thus, the Na'-pump a subunit is a glycoprotein whose oligosaccharide moieties possess terminal GIcNAc residues to which radiolabeled galactose binds. In a different experiment (data not shown) it was observed that, after electroblotting to a nitrocellulose membrane, the a subunit reacted with concanavalin A, a lectin that binds to a-mannosyl, a-glucosyl, and to a lesser extent GlcNAc residues (28) .
Taking into account the specific radioactivity of the bound galactose and the phosphorylation capacity of the Na',K+-ATPase preparation used in these experiments (24), our results suggest that about one radioactive galactose binds to the a subunit per phosphorylation site. The Carbohydrate Moieties Are Facing the Cell Cytosol. The orientation of the oligosaccharides bound to the a subunit with respect to the cell membrane was studied by using right-side-out vesicles prepared from dog kidney microsomes. This is a biochemically and morphologically (by electron microscopy) characterized system (26, 29, 30) either intracellular organelles or smaller membrane vesicles enclosed within the major vesicles during the preparation. There exists experimental evidence that suggests that this is not the case. Analysis of the vesicle preparation by electron microscopy did not show a significant amount of enclosed membranes inside the vesicles (30) . Consistent with this, the exposure of latent Na',K+-ATPase activity by treatment of the vesicles with saponin or deoxycholate showed a firstorder dependence with respect to detergent concentration (see figure 2 in ref. 26) and not a two-phase process as would be expected if most of the Na',K+-ATPase were contained in right-side-out smaller vesicles enclosed within the major vesicles. The possibility that most of the latent Na',K+-ATPase is contained in membranes derived from organelles enclosed by the vesicles can be ruled out since the quantity of Na'-pump molecules normally present in intracellular organelles of kidney cells is too low to account for the level of latent Na',K+-ATPase measured by permeabilization of the right-side-out vesicles (31, 32) . In our experiments there was a consistent correlation between permeabilization of the vesicles, the increase in Na',K+-ATPase activity (which indicates accessibility of the ligands to the intracellular aspects of the Na'-pump protein), and the increase in binding of [3H] galactose to the a subunit. In conclusion, higher labeling after vesicle permeabilization necessarily means, under our conditions, labeling of the cytosolic aspects of the Na pump.
Oligosaccharides Are N-Linked to the a Subunit. The Na'-pump protein was treated with PNGase to determine whether the oligosaccharides are N-linked to the protein. This enzyme specifically hydrolyzes the carbohydrate-peptide bond of N-linked sugars without affecting O-linked glycopeptides. Increasing concentrations of PNGase result in the progressive reduction of the apparent molecular weight of the 18 subunit (i.e., increase in mobility) in PAGE without affecting the mobility of the a subunit at all (Fig. 3 Upper) . This latter observation might suggest that no cleavage of N-linked sugars from the a subunit had occurred. However, the autoradiogram of Fig. 3 Lower shows that the radioactivity bound to both subunits (a and 13) was progressively lost at increasing concentrations of PNGase. The same result was obtained when the bands corresponding to the a subunit in a gel like that shown in Fig. 3 Upper were excised and their radioactivity was determined by scintillation counting. They had 201, 115, 82, 50, 57, and 16 cpm when 0, 1, 2, 4, 6, and 9 units of PNGase, respectively, were used. This is direct evidence, based upon the known specificity of PNGase, that most of the radiolabeled carbohydrate moieties of the a subunit are N-linked. The possibility that protease contamination of the PNGase preparation might account for the loss of label is made very unlikely by the following points. First, the PNGase treatment does not produce any appreciable change in the quantity of Coomassie blue-stained a subunit separated by gel electrophoresis (Fig. 3 Upper) . Second, the PNGase used in our studies has been previously examined for prcotease or glycosidase contamination, and none was detected (33) .
Another method often used to cleave the sugar-protein bond, which preferentially hydrolyzes O-linked oligosaccharides, is 13-elimination. Application of this procedure (21) to the Na',K+-ATPase did not release the radiolabeled carbohydrates bound to the Na'-pump a subunit (data not shown). This is in accord with our observation (Fig. 3) The lack of change in the molecular weight of the a subunit after PNGase treatment (Fig. 3 Upper) suggests that the oligosaccharide chains bound to Na'-pump a-subunit are probably smaller than those previously described for other N-linked carbohydrate chains (34) . It should be noted that PNGase is able to hydrolyze from the protein N-linked oligosaccharides of various sizes, and it has recently been shown that the oligosaccharides need at least be a dimer of sugar residues N-linked to the protein for enzymatic cleavage to occur (35) . Further studies are necessary to determine the size and composition of the oligosaccharides bound to the Na'-pump a subunit. figure 3 of the same paper, after treatment with PNGase, the radioactivity of the 92-kDa protein is reduced and that of the 116-kDa protein is totally removed. Capasso et al. (21) (22) and Golgi apparatus (21) and other membrane-associated proteins (reviewed in ref. 23 ). In contrast to these proteins, the Na+-pump a subunit is a glycoprotein that has N-linked carbohydrates facing the cytoplasmic medium. The existence of structural membrane glycoproteins with N-linked cytosolic-facing oligosaccharides challenges our current understanding of the mechanism of synthesis of N-linked oligosaccharides. Usually, N-linked oligosaccharides bind to Asn residues of the polypeptides that are in the sequence Asn-Xaa-Ser (or Thr), where Xaa may be any amino acid residue (39) . The topographic orientation of the N-glycosylation described in this paper is consistent with the fact that the potential N-glycosylation sites of the a subunit are all located in what are assumed to be intracellular loops of the primary structure (40) . However, the possibility that the cytosolic N-linked oligosaccharides bind to Asn residues which are not part of the consensus sequence described above cannot be ruled out.
